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ABSTRACT

Manter, D. K., Kelsey, R. G., and Karchesy, J. J. 2007. Photosynthetic
declines in Phytophthora ramorum-infected plants develop prior to water
stress and in response to exogenous application of elicitins. Phytopathol-
ogy 97:850-856.

Phytophthora ramorum, causal agent of sudden oak death, is responsi-
ble for widespread oak mortality in California and Oregon, and has the
potential to infect 100 or more species. Symptoms range from stem gir-
dling and shoot blight to leaf spotting. In this study, we examined the
physiological impacts of P. ramorum infection on Rhododendron macro-
phyllum. In stem-inoculated plants, photosynthetic capacity (Vipax) signi-
ficantly declined by »21% 3 weeks after inoculation in visibly asymp-
tomatic leaves. By 4 weeks, after the development of significant stem
lesions and loss in water transport capacity, water stress led to stomatal

closure and additional declines in photosynthetic capacity. We also report
the isolation, characterization, and biological activity of two P. ramorum
elicitins. Both elicitins were capable of inducing a hypersensitive-like re-
sponse in one incompatible (Nicotiana tabacum SR1) and three compati-
ble hosts (R. macrophyllum, Lithocarpus densiflorus, and Umbellularia
californica). Infiltration of leaves from all three compatible hosts with
both P. ramorum elicitins caused significant declines in chlorophyll fluo-
rescence (F, /F,,). For all four species, the loss of photosynthetic capacity
was directly proportional to H* uptake and ethylene production, two com-
mon components of the hypersensitive response. This is the first report of
elicitins causing photosynthetic declines in compatible hosts independent
of plant water stress.

Additional keywords: photosynthesis, toxin.

Sudden oak death (SOD), caused by the oomycete Phy-
tophthora ramorum, was first reported in trees of North America
in 1995, and threatens to radically alter the composition of North
American forests (39). SOD has caused significant mortality in
natural stands of several tree species, including Quercus agrifolia
(coast live oak), Q. kelloggii (California black oak), Q. parvula
(coast oak), and Lithocarpus densiflorus (tanoak) from central
California to southern Oregon (40). However, this disease is not
limited to forest situations, because a variety of ornamental spe-
cies have been found to be suitable hosts from 12 plant families,
including Aceraceae, Anacardiaceae, Betulaceae, Caprifoliaceae,
Cupressaceae, Ericaceae, Fagaceae, Hippocastanaceae, Lau-
raceae, Pinaceae, Rhamnaceae, and Rosaceae (17), and the list
keeps growing.

Symptoms of P. ramorum infection fall into three separate cate-
gories: (i) bole cankers that often lead to death, (ii) shoot tip die-
back, and (iii) leaf spots or blight (20). Depending upon the host
species, P. ramorum infection may develop one or more of these
symptoms. For example, L. densiflorus (tanoak) exhibits all three
symptoms, Rhododendron macrophyllum (rhododendron) devel-
ops shoot tip dieback or leaf blight, and Umbellularia californica
(myrtle) is typified by leaf blight. The distribution of P. ramorum
within host tissues normally is associated only with visibly symp-
tomatic tissues and may be confined to particular tissues (stem or
leaves) (21). SOD derives its name from the rapid transition from
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green, nonsymptomatic crowns to brown, dead crowns in a period
of weeks (18,33). However, despite its name, mortality associated
with SOD in natural stands may take several years to develop, is
largely limited to the red oak and tanoak, and is typified by a
consistent sequence of signs and symptoms beginning with the
development of bleeding bole cankers, followed by bark or am-
brosia beetle infestation, and Hypoxylon thouarsianum infection
(32). In the absence of the latter two pests, McPherson et al. (32)
estimate that it may take 10 years or more to reach a 50% mortal-
ity rate, or just 3 years in their presence.

Infection of compatible plants by Phytophthora spp. often leads
to a decline in stomatal conductance and photosynthesis (8,9,15,
16,25,29,30,44), although the mechanistic basis for such declines
is not completely understood. In many cases, declines in leaf gas
exchange rates have been linked to losses in water supply capacity
associated with root or xylem necrosis (8,9,15,16,41,42). However,
the reductions in gas exchange may not be proportional to
changes in hydraulic capacity (9,29), and may be observed in
noninvaded regions (11), suggesting the presence of a toxin, or
host-derived signal, that is responsible for some of the physiologi-
cal impairment.

To date, a wide variety of secreted, translocatable effectors—
pathogen molecules that manipulate host cell structure and func-
tion affecting pathogenicity and colonization—have been identi-
fied in a variety of Phytophthora spp. (24). Effectors may either
facilitate infection (virulence factors or toxins) or limit infection
(avirulence factors or elicitins), and differences in the timing or
degree of host responses may cause the same effector to be a viru-
lence factor in one host or an avirulence factor in another host
(10). In P. ramorum, numerous effector genes (e.g., NPP1, PcF,
Crn, elicitins, and so on) homologous to those found in other Phy-
tophthora spp. have been identified in its genome (45).



In the current study, we first conducted a series of experiments
to determine whether toxins secreted by P. ramorum are likely
contributors to physiological injury in the host by examining the
temporal changes in photosynthesis, stomatal conductance, and
hydraulic conductivity of R. macrophyllum artificially inoculated
with P. ramorum. Second, we tested the ability of culture filtrates
and purified, recombinant P. ramorum elicitins (i.e., the major
protein secreted in P. ramorum grown in vitro) to induce
physiological changes in incompatible (Nicotiana tabacum) and
compatible (L. densiflorius, R. macrophyllum, and U. californica)
host species.

MATERIALS AND METHODS

Plant material. All artificial inoculations assays were con-
ducted on 3-year-old R. macrophyllum plants grown in 7.6-liter
pots. The biological activity of purified P. ramorum elictins was
assessed on four plant species (N. tabacum SR1, L. densiflorus,
R. macrophyllum, and U. californica). N. tabacum plants were
~] month old and grown in a greenhouse under amibient
conditions, L. densiflorus plants were 2 years old and grown
under ambient conditions in a coldframe at Oregon State Univer-
sity (Corvallis), and U. californica leaf tissue was harvested from
an ornamental planting on the campus of Oregon State University.

Physiological response of R. macrophyllum to artificial inocu-
lation. To determine whether toxins secreted from P. ramorum
contribute to physiological injury in the host, two stems (2.5 cm
in diameter) from each of 12 3-year-old R. macrophyllum plants
were artificially inoculated with a 5-mm-diameter hyphal plug cut
from =2 week old P. ramorum starter cultures (2% cornmeal agar)
or uninoculated control plates, which was secured under the bark,
~15 cm below the lowest leaf, using dH,O-saturated gauze. The
P. ramorum isolate used for inoculation was a North American
mating type (A2) obtained from infected native plants growing in
Curry County, OR. On a weekly basis (1 to 4 weeks after
inoculation), A/C; curves (net CO, assimilation over a range of
CO, concentrations), stem-specific hydraulic conductivity, and
stem lesion lengths were monitored.

A/C; curves were measured on one leaf from each control and
inoculated stem (n = 6) using an LI-6400 portable photosynthesis
system (Li-Cor, Lincoln, NE) following the procedures outlined
in Manter and Kerrigan (27). The A/C; curves were used to esti-
mate one of the biochemical components (the maximum rate of
carboxylation limited by the amount, activity, and kinetics of
rubisco [V.n.x]) contributing to photosynthetic capacity using the
equations of Farquhar et al. (13). In addition, stomatal conduc-
tance (g,) of water vapor at ambient CO, (40 Pa) also is reported.

Stem-specific hydraulic conductivity (Ks), a measure of water
transport capacity, was measured on a 3-cm segment cut from a
nonsymptomatic region immediately above the inoculation site of
each control and inoculated stem (n = 3) using the procedures
outlined in Manter and Kavanagh (26). The same seedlings (n =
3) destructively sampled for K5 were used for measurements of
lesion lengths (in centimeters) by recording discolored phloem
tissue after removal of bark tissue.

Verification of P ramorum infection within the tissues of the
artificially inoculated R. macrophy/lum plants was determined by
direct plating on a Phytophthora spp.-selective medium (pimari-
cin-ampicillin-rifampicin-pentachloronitrobenzene agar, [PARP])
(12). On each sample date, 1-cm? pieces (z7 > 3) from symptom-
atic (lesion margin) and nonsymptomatic phloem tissues and the
leaves used for gas exchange analysis were plated on PARP
media, incubated in the dark at 20 to 22°C, and examined daily
over the course of 3 weeks for P ramorum emergence.

Culture filtrate protein isolation. P. ramorum culture filtrates
(CFs) were collected by vacuum filtration (0.2 um PES membrane
vacuum filter; VWR, West Chester, PA) from three North Ameri-
can (mating type A2) isolates obtained from infected native plants

growing in Curry County, OR, and three European (mating type
Al) isolates obtained from infected ornamental nursery plants in
Clackamas, OR, grown in glucose-yeast-peptone (GYP) broth for
30 days. Proteins contained in the filtrate were concentrated and
washed with 3 volumes of double-distilled (dd)H,O using a Viva-
cell 200 filtration column with a 5,000 MWCO PES membrane
(Sartorius, Edgewood, NY). CF proteins were separated by ion
exchange spin columns (Vivapure S mini; Sartorius) using a Tris-
ClI (pH 6.0) buffer system and analyzed on a 12% Tris-glycine gel
by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE). All six P. ramorum isolates secreted two major
proteins (=8 and 10 kDa) that were purified by ion chroma-
tography (Fig. 1). The two proteins were excised from the SDS-
PAGE gels, digested with trypsin, analyzed by matrix-assisted
laser desorption/ionization time of flight mass spectrometry
MALDI TOF/TOF, and tentatively identified by the Mascot ho-
mology search engine (Macromolecular Resources, Colorado
State University, Fort Collins). In all six isolates, the 8-kDa pro-
tein exhibited high homology to ubiquitin and the 10-kDa protein
was similar to the elicitin of P. cinnamomi (Table 1). Similarly,
the presence of ubiquitin and an elicitin in the CF of P. infestans
also was observed by Huet et al. (22).

Cloning and expression of P. ramorum elicitins. A search of
the P. ramorum genome project (DOE Joint Genome Project,
United States Department of Energy, Walnut Creek, CA) revealed
five sequences coding for recognizable elicitin proteins (protein

Fig. 1. Proteins present in the culture filtrate of a typical Phytophthora
ramorum isolate grown in glucose-yeast-peptone media. The two major
proteins of the culture filtrate were separated by ion affinity chromatography
(Vivaspin S column) and analyzed on a 12% Tris-glycine gel by sodium
dodecyl sulfate polyacrylamide gel electrophoresis. Lane 1: size standard, lane
2: fraction containing the 10-kDa elicitin protein, and lane 3: fraction
containing the 8-kDa ubiquitin protein.

Vol. 97, No. 7, 2007 851


http://apsjournals.apsnet.org/action/showImage?doi=10.1094/phyto-97-7-0850&iName=master.img-000.jpg&w=139&h=349
http://apsjournals.apsnet.org/action/showImage?doi=10.1094/phyto-97-7-0850&iName=master.img-000.jpg&w=139&h=349
http://apsjournals.apsnet.org/action/showImage?doi=10.1094/phyto-97-7-0850&iName=master.img-000.jpg&w=139&h=349
http://apsjournals.apsnet.org/action/showImage?doi=10.1094/phyto-97-7-0850&iName=master.img-000.jpg&w=139&h=349

ID: 47381, 47386, 47376, 71636, and 78569). Based on these se-
quences, two conserved primer sets were designed to amplify full-
length elicitin genes. High homology between the gene sequences
prevented the design of individual primer sets for all five se-
quences. Primer sets were as follows: ram-ol (5'-ATGAACTTC-
CGCGCCCTG-3" and 5'-TTACAGCGACGCGCACGT-3") and
ram-a2 (5'-ATGCAGTTCGCCGCTCTC-3" and 5'-CTACAGCGA-
CGCACACGT-3'). The two primer sets were tested on six differ-
ent P. ramorum isolates, producing two unique elicitin proteins
common to all six isolates (Fig. 2).

Recombinant ram-a1 and ram-a2 elicitins were obtained with
the pET SUMO expression system (Invitrogen, Carlsbad, CA) as
follows. Overnight bacterial cultures grown in Luria-Bertani
broth, amended with kanamycin at 100 pg ml™, were diluted 1:10
with fresh media, grown at 37°C until midlog phase (optical den-
sity ~0.6), induced with 1.0 mM isopropyl-B-D-thiogalactopyran-
oside, and incubated for 6 h at 37°C. Cells were harvested by cen-
trifugation and soluble proteins were isolated using B-PER
(Pierce Biotechnology, Rockford, IL). The recombinant proteins
were purified by affinity chromatography (ProBond Resin; Invi-
trogen) using the following solvent system. After initial binding,
the column was washed twice with 8 ml (100 mM Tris, pH 6.0;
100 mM NaCl; and 25 mM imidazole) and eluted with 2 ml (100
mM Tris, pH 6.0; 100 mM NaCl; and 250 mM imidazole). Native
elicitins, his-tag, and SUMO fusion protein removed with SUMO
protease were purified by a second round of affinity chromatogra-

phy using the conditions described above. The purified recombi-
nant elicitins, contained in the unbound fraction, were desalted
(2K MWCO Centriprep column), washed with three volumes of
ddH,0, and resuspended in 2 mM N-2-hydroxyethylpiperazine-
N'-2-ethanesulfonic acid (HEPES). The purity of the recombi-
nant elicitins was verified visually by SDS-PAGE, and protein
content was determined using the Coomassie (Bradford) protein
assay.

H* uptake. Twenty 6-mm-diameter leaf discs were suspended
in 10 ml of a 2-mM HEPES bathing solution and the pH was re-
corded after a 30-min equilibration period. Purified elcitins were
added to half of the vials (n = 6) to a final concentration of
100 nM; the other half received an equal volume of a control
solution. Following an additional 2-h incubation period, pH of the
bathing solution was remeasured and used to calculate H* uptake
(umol m2 LA h™).

Ethylene production. Ethylene production of leaf discs ex-
posed to the purified elicitins was measured as follows. Briefly,
10 6-mm-diameter leaf discs were placed in 15-ml screw-cap
vials containing 1 ml of a 100-nM elicitin solution or a control
and incubated at 25°C for 16 h. After incubation, ethylene present
in the vial headspace was analyzed using a Varian CP-3800 gas
chromatograph outfitted with a 2-m Hayesep N 80-100 mesh
column. Oven conditions were 70°C with a flow rate of 10 ml min™!
and ethylene was analyzed by means of an external standard
curve.

TABLE 1. Typical Mascot mass spectrometry/mass spectrometry search results showing known proteins with high homology to the two proteins isolated from

Phytophthora ramorum culture filtrates

Sample Best match Mass (kDa)

Ton score Expected ion score Peptides matched

Protein 1 gi 136672-ubiquitin 8,575

Protein 2 gi 82766-cinnamomin 10,287

105 2.9 e-007 K.EGIPPDQQR.L
K.ESTLHLVLR.L
R.TLSDYNIQK.E
K.TITLDVEPSDSIDNVK.Q
—TACTATQQTAAYK.T
K.TLVSILSESSFSQCSK.K

K.ILMCASTACNTMIK.D

90 9.7 e-006

rITTIO oA
BT T T I "
o TET DOTHA e "
H ATE X : B T
Ly = u o 1 184 )
i TR 1, =] !
|l. 5T ATO0 o
i1 i g ¥ b o T
A TAETATD eSS Th 1] KA
- TTETSTO y AT ..
= .|l TRT: ] kT ol wr) N
' Hi
1 « E OITRAY T
T | E 0 T,
yr-ud TAETETO | i TR
iE QT STRAY R T AT
G- LT e g o
- c . IrgRT
Bt o 54 ol = o e R T T
,'_. TOTRAY ‘,'
TET! XY b -
11 ETH i i

k. ! ] i
X kE [ - i R
us i | '] Ck ') i [ <
HEi " HEE
- A ik AFHEL - et Fios
AT AR Kk IVEET M oM
a s TARKTH BRE1 ; 11 ; -]
S AR gk ] 5,
o HE o A Ay
T - =] R ot
o5 T RENT) DEEL Iy
Tl REE 5E KW b TYAHGE A
£82,5T RENT POREL ATH
o A B AT it srEn s 3 et
- F A sEEE I L - 5
LMERITACNTMIH ol i
MERSTAENTHIKE ] VALMI iall

Fig. 2. Amino acid sequence of two Phytophthora ramorum elicitins and alignment with 20 class I elicitin sequences. P. boehmeriae: boel (AAP42950), boe2
(AAP42951); P. cactorum: cac-a (2009394A); P. capsici: cap-o. (AAO15602), cap (AAP43023); P. cinnamomi: cin-o. (CAB38323), cin-f (CAB38321);
P. cryptogea: cryp-o. (P41802), cryp-B (P15570), P. drechsleri: dre-o. (P35696), dre-f (P35697); P. infestans: infl (U50844); P. parasitica: para-o.1 (AAB29433);
P. lateralis: lat-al (DQ680028), lat-a2 (DQ680029); P. megasperma: meg-o. (AJ493606), meg-f (AJ493607); P. ramorum: ram-o.l (DQ680026), ram-02
(DQ680027); P. sojae: sojl (CAA07710), s0j2 (CAA07711), s0j3 (AA024640). GenBank accession number for each protein is in parentheses. Conserved cysteine

residues are highlighted.
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Chlorophyll fluorescence. The effect of elicitins on photosyn-
thetic performance was assessed by measuring chlorophyll fluo-
rescence (F,/F,) on dark-adapted leaves to determine the effi-
ciency of open PSII centers, which is a sensitive measure of
photosynthetic performance (31). Cut stems from all four test spe-
cies were place in test tubes containing 10 ml of a 100-nM elicitin
solution or a control and incubated in a growth chamber set to
maintain air temperatures of 25 and 18°C (day and night, respec-
tively) and a 16-h photoperiod. After a 48-h incubation period,
chlorophyll fluorescence was measured using an OS1-FL fluoro-
meter (Optisciences, Tyngsboro, MA) from one leaf per stem fol-
lowing a 30-min dark adaptation.

Statistical analyses. Significant differences between species
and P. ramorum elicitins were tested by analysis of variance and
Holm-Sidak post-hoc tests (SigmaStat 3.1). The Holm-Sidak
post-hoc test applies a “step-down” critical P value approach in
determining significance to maximize statistical power without
compromising the risk of making a type-I error (19). For compari-
son, the control in the CF-elicitin assays was uninoculated GYP
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Fig. 3. A, Maximum rate of carboxylation limited by the amount, activity, and
kinetics of rubisco (V nax), B, stomatal conductance (gg), and C, stem-specific
hydraulic conductivity (Ks) of Rhododendron macrophyllum artificially
inoculated with Phytophthora ramorum. Each observation is the mean and
standard deviation of six plants, from which one control and one inoculated
leaf were measured.

media subjected to the same purification procedures outlined
above (see “Culture filtrate protein isolation”). In the assays in-
volving the recombinant elicitins (ram-ol and ram-a2), the
control was a 100 nM solution of the SUMO-CAT fusion protein
(Invitrogen) generated using the same purification procedures
outlined above. All experiment—assay combinations were repli-
cated twice with similar results. All reported values are the arith-
metic mean and individual standard errors from the first replica-
tion of each experiment.

RESULTS

All artificial inoculations of R. macrophyllum were successful,
resulting in an average lesion length of 6.9 + 0.9 cm by the end of
the 4-week study. Reisolation of P. ramorum was 100% success-
ful from all symptomatic stem tissues, but not from any of the
asymptomatic stem or leaf tissues (data not shown). Physiological
changes developed rapidly in leaves of the inoculated stems, de-
spite the lack of visible symptoms in the leaves or petiole. Three
weeks after inoculation, when stem lesion lengths were 4.4 +
0.6 cm, V. Was reduced by #21% (Fig. 3A). Additional declines
occured during the fourth week, after the development of signifi-
cant impacts on plant—water relations.

The functionality of P. ramorum infected stems to supply water
to host leaves and maintain photosynthetic rates was assessed
from Ky and g, measurements. Four weeks after inoculation, but
not before, both measures declined; g, a measure of stomatal
openness, declined by 36% (Fig. 3B), and K, a measure of xylem
water supply capacity, declined by 64% (Fig. 3C). A CF-derived
elicitin from P. ramorum was purified and tested for its ability to
influence leaf processes. Similar to the artificial inoculation ex-
periment, the CF-elicitin caused a significant decline of 23.4% in
photosynthetic capacity (Vin.) and 14.8% in the efficiency of
open PSII centers (F,/F,,) (Table 2). Two components often asso-
ciated with the hypersensitive response (HR), H* uptake and
ethylene production, also were influenced by elicitin uptake,
changing by 78.8 and 92.4%, respectively (Table 2).

The genome database of P. ramorum contains five gene models
that encode for mature 10-kDa elicitin protein (protein ID: 47376,
47381, 47386, 40636, and 78569). However, it is unknown which
one or more of these elicitins are secreted into the CF. Therefore,
we used a polymerase chain reaction (PCR)-based approach to
isolate and clone full-length P. ramorum elicitin genes, which
then could be tested for biological activity. Each primer set ampli-
fied one unique product (GenBank accession no. DQ680026 and
DQ680027) that was identical for all six isolates tested (data not
shown). The predicted amino acid sequences are shown in Figure
2. Although there are five different elicitin gene models in the
P. ramorum genome database, based on our results and the high
homology between sequences, it is likely that only two class-I

TABLE 2. Influence of a Phytophthora ramorum culture filtrate elicitin (CF-
elicitin) on various leaf physiological parameters in Rhododendron macro-
phyllum

Treatment®
Parameter? Control CF-elicitin Change (%)¢
Vemax 48.1+1.8 36.8+1.7 —23.4%*
F,/Fy 0.813 £ 0.003 0.693 £ 0.005 —14.8%
H* uptake 28+1.3 13.2+25 78.8%*
Ethylene 11.2+1.7 148.2+59 92.4%*

4 Maximum rate of carboxylation limited by the amount, activity, and kinetics
of Tubisco (Vpa; tmol m2 s7!) and chlorophyll fluorescence (F,/F,,) were
assayed on cuttings (=1 cm in diameter), whereas H* uptake (umol m2 h™')
and ethylene production (ppb) were assayed on leaf discs immersed in a CF-
elicitin solution (100 nM) or a control (uninoculated glucose-yeast-peptone
media).

b Mean = standard error for six plants per treatment.

¢ Asterisk denotes significant difference (Holm-Sidak post-hoc test, P < 0.05).
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Fig. 4. A, Dark-adapted chlorophyll fluorescence (F,/F,,), B, H* uptake, and
C, ethylene production in leaves of four plant species exposed to 100 nM
Phytophthora ramorum recombinant elicitins (ram-al and ram-a2) or a
control (100 nM SUMO-CAT fusion protein). Each observation is the mean
and standard error (n = 6). Tobacco = Nicotiana tabacum; Tanoak =
Lithocarpus densiflorus; Myrtle = Umbellularia californica; Rhode =
Rhododendron macrophyllum. Bars with the same letter are not significantly
different using a Holm-Sidak post-hoc test (P > 0.05).

elicitin genes are present in the P. ramorum genome. For the three
ram-o.1 homologs (47381, 47386, and 78569), proteins 47381 and
78569 are identical to ram-al; whereas, the gene sequence of
protein 47386 differs from ram-al by only one nucleotide, re-
sulting in an amino acid substitution at position 93 (threonine
[T]). For the two ram-a2 homologs (47376 and 71636), protein
71636 is identical to ram-a2; whereas, the gene sequence of pro-
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tein 47376 differs from ram-a2 by only two nucleotides, resulting
in amino acid substitutions at positions 61 (lysine [K]) and 65
(threonine [T]).

The two cloned elicitin genes were expressed using a prokary-
otic expression system, and the purified recombinant elicitins
were tested for biological activity in both compatible and incom-
patible hosts. Both recombinant elicitins produced a visible HR
and developed necrotic areas when infiltrated into leaves of the
incompatible host, N. tabacum; however, no macroscopically
visible necrosis was observed in any of the three compatible hosts
(data not shown). Independent of the development of visible ne-
crosis, the recombinant elicitins significantly affected a variety of
physiological characteristics of all four host species. In all spe-
cies, exposure to recombinant elicitins caused a decline in the
maximum efficiency of PSII centers or F,/F,, (Fig. 4A), while
enhancing H* uptake (Fig. 4B) and ethylene production (Fig. 4C)
relative to the controls. Thus, for all treatment combinations
(elicitin and host species), the decline in F,/F,, was strongly and
positively correlated to H* uptake (Fig. SA) and ethylene produc-
tion (Fig. 5B). As in the CF tests, tobacco exhibited the greatest
responses, followed by tanoak, myrtle, and rhododendron. For all
three measures (Fig. 4), ram-al triggered significantly greater
responses compared with ram-a.2, except in rhododendron, and in
tanoak F,/F,.

DISCUSSION

Artificial inoculation of R. macrophyllum with P. ramorum led
to significant declines in photosynthesis, g, and water supply
capacity. The temporal changes in these measures suggest that
physiological impacts occur in two distinct phases. The first stage
occurs prior to detectable changes in water supply capacity, and
the second, additional decline occurs only after a reduction in
stem-specific hydraulic capacity. The second phase of impact has
been shown repeatedly for a variety of Phytophthora spp.
pathosystems and is best explained by the loss of water supply
capacity associated with root or shoot necrosis (8,9,15,16,41,42).
The first stage, independent of significant changes in water supply
capacity, is consistent with previous studies (9,29,30) and is
suggestive of the presence of a toxin or a host-derived signal.

Although toxins have been suggested to play a role in Phytoph-
thora spp. pathosystems, previous efforts to document elicitin
toxicity in compatible hosts have met with varying degrees of
success. For example, elicitin exposure did not influence g in
chestnut (30) or net photosynthesis in beech (15). However, ultra-
structural changes in oak (5) and pepper (23) and varying degrees
of necrosis or cell apoptosis have been observed in several
Solanaceae plants (35,46) and the rubber tree (6). Based on these
observations and those of the current study, a wide range of host
responsiveness to elictins is possible. Although the mechanistic
basis for the observed photosynthetic declines was not fully ex-
plored in this study, we hypothesize that it is associated with an
incomplete or hypersensitive-like response. In part, this hypothe-
sis is based on the strong correlation between the decline in F,/F,,
and two processes typically associated with HR: H* uptake (R? =
0.801) and ethylene production (R* = 0.884). To date, the vast
majority of work with elicitins has focused on their ability to in-
duce the HR and systemic acquired resistance in incompatible
hosts such as tobacco (2,38). Furthermore, both artificial inocula-
tion (43) and elicitin exposure (28) result in photosynthetic de-
clines in incompatible hosts. Part of this decline surely arises
from the death of functional mesophyll cells during a successful
HR. However, Scharte et al. (43) recently showed that a success-
ful HR requires the suppression of photosynthesis, associated
with callose depositon or sugar accumulation, before HR cell
death can be initiated. Thus, it follows that host differences in the
degree of the HR response to elicitins (i.e., highest in resistant
species) could be the source of the observed photosynthetic de-
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clines (i.e., highest in resistant species) in response to elicitin in-
filtration. Consistent with this hypothesis, Vleeshowers et al. (46)
examined HR cell death in several Solanum clones and found a
high degree of variation in the timing and degree of HR cell
death, which was correlated with resistance to P. infestans. Fi-
nally, the notion of an effector triggering HR-like processes in
both compatible and incompatible hosts is supported by other
studies. For example, the NPP1 effector from Phytophthora spp.
induces typical HR-associated (ethylene accumulation, callose de-
position, and necrosis) and systemic-acquired resistance-associ-
ated (pathogenesis-related gene accumulation) processes in both
compatible and incompatible host species (14,37).

In all species, except rhododendron, ram-al consistently
showed greater biological acitivty compared with ram-a2. Com-
parisons of the biological activity of a number of other Phytoph-
thora elicitins suggests a general relationship between protein
charge (pl) and activity. In particular, greater acitivity has been
observed for the basic elicitins (pI > 5) compared with the acidic
elicitins (pI < 4) (35). Bourque et al. (3) suggest that this relation-
ship may be explained by subtle differences in elicitin diffusion at
physiological pH in the negatively charged cell wall.

Although neither of the two P. ramroum elicitins used in this
study are basic elicitins (pI > 5), greater activity was observed for
the relatively more basic of the two P. ramorum elicitins (pl of
3.84 and 3.13 for ram-al and ram-o2, respectively). Alterna-
tively, Qutob et al. (36) compared the activity of nine elicitins
from P. sojae and suggested that differences in elicitin activity
may be related to their sterol-loading capacity. For example, elic-
itins with fewer amino acids interspacing the conserved cysteine
residues (Fig. 2), which would result in a reduced sterol-binding
tunnel (1), did not induce an HR response in tobacco. Although
all known class I elicitins, including P. ramorum, have similar
spacing between cysteine residues, subtle differences in sterol-
loading capacity, perhaps related to pl, could affect their bio-
logical activity (3,4,34,47).

Although the current study shows the effect on exogenously
applied elicitins, further studies are needed to explore the
temporal and spatial patterns of P. ramorum elicitin expression
during the infection cycle. For example, Colas et al. (7) showed
that P. parasitica elicitin expression may be downregulated early
on during the course of infection (3 days after infection), possibly

to avoid a successful HR that is capable of limiting colonization.
However, they did not follow elicitin expression throughout the
full infection process and examined only one of the potential
elicitin genes found in P. parasitica, parAl. In another study,
Brummer et al. (5) used an enzyme-linked immunosorbent assay
to show that P. quercina produced an elicitin, quercinin, in
infected oak tissues during its entire growth phase. The pathogen-
or host-derived factors regulating elicitin production by Phytoph-
thora spp. are unknown and deserve further research. It is pos-
sible that changes in elicitin expression or perception by the host
are one of the greatest contributors to host variation in Phytoph-
thora spp. resistance and pathogenicity. In our laboratory, we
currently are using a reverse-transcriptase PCR assay to follow
ram-o.l and ram-a2 expression throughout the infection process
in a variety of host species.

In conclusion, we have shown that exogenous application of
elicitins results in photosynthetic declines in both compatible and
incompatible hosts. The mechanism responsible for the declines is
unknown but arguably may be associated with quantitative differ-
ences in the timing and degree of the HR. In the compatible hosts
studied here, a general correlation between P. ramorum coloniza-
tion (21) and host responsiveness to P. ramorum elicitins is ob-
served. Given the wide distribution of P. ramorum (more than 100
host species) and variety of disease forms, differences in elicitin
expression, and perception by the host, may be one factor leading
to this variation. However, because many other known effectors
are contained in the P. ramorum genome, it is likely that host re-
sistance and P. ramorum pathogenicity will be dependent upon
the entire expression profile of P. ramorum effectors and host
variations in responsivity to these effectors.
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